Rhizobium meliloi strain SU47 produces the calcofluor-binding exopolysaccharide, succinoglycan, that is required for alfalfa root nodule invasion. Strains derived from R. meliloi SU47 secreted an acidic exopolysaccharide, EPSb, that replaced succinoglycan in nodule invasion. EPSb, which has not formerly been identified among the Rhizobiaceae, consisted of the repeating unit 4,6-0-(1-carboxyethylidene)-
a-D-Galp1---3(X-O-Ac)-,B-D-Glcp1-*3. EPSb synthesis occurred either in strains containing a mutation in a locus designated mucR or in strains with a recombinant cosmid pMuc. mucR mapped slightly counterclockwise from pyr49 on the chromosome, while pMuc contained genes mapping to the megaplasmid pRmeSU47b. In exoA, -F, and -H mutants, which are deficient in normal succinoglycan secretion and nodule invasion, a transposon TnS insertion in mucR or the presence of pMuc resulted in EPSb secretion and a restoration of nodule invasion on Medicago saiva and Melilotus alba. Mutants in exoB and exoC were incapable of succinoglycan and EPSb secretion as well as nodule invasion. A mutant that secreted succinoglycan but was incapable of EPSb secretion invaded nodules normally.
The calcofluor-binding acidic exopolysaccharide produced by Rhizobium meliloti strain SU47, often referred to as succinoglycan, is essential for alfalfa root nodule invasion (1, 2) . Succinoglycan is a polymer of the octasaccharide subunit [4, 6 -O-(1-carboxyethylidene)Glc831--3Glcp1--3
Glc,81--,6Glc,d31-6]Glc,81--4Glc.81-4G~clc+3Gal,81--+4.
Besides 1-carboxyethylidene (pyruvate), each subunit contains approximately one acetyl and one succinyl group attached at undetermined sites (3, 4) . R. meliloti exo mutants, which fail to produce (normal) succinoglycan, form nodules on alfalfa that are ineffective in nitrogen fixation. These nodules are "empty," lacking intracellular bacteroids. No infection threads are formed after inoculation with an exoB mutant (5), while abortive infection threads are formed after inoculation with an exoH mutant (2) . While wild-type R. meliloti strains secrete succinoglycan in both high and low molecular weight forms (6, 7) , exoA, -B, -C, and -F mutants secrete no succinoglycan. exoH mutants secrete high molecular weight nonsuccinylated succinoglycan and only a trace of low molecular weight succinoglycan (2, 6) . The form(s) of succinoglycan secreted by exoD mutants depends on the composition of the growth medium (6) . The exoA, exoB, exoF, and exoH loci are on the megaplasmid pRmeSU47b, while exoC and exoD are chromosomal (8, 9) .
In this paper, we report the isolation and characterization of R. meliloti mutants that produce a different exopolysaccharide, which we refer to as EPSb. These mutants form nitrogen-fixing nodules on alfalfa despite the fact that many of them produce no succinoglycan, suggesting that EPSb can replace succinoglycan in the nodule invasion process.
MATERIALS AND METHODS
Strains, Plasmids, and Media. Bacterial strains, plasmids, and transducing phage are listed in Table 1 . R. meliloti strains were grown on LB media (17) or yeast-mannitol (YM) medium (18) . For liquid culture LB medium was supplemented with CaCl2 and MgSO4, each 2.5 mM final concentration. Antibiotics were used at the following concentrations (,g/ml): streptomycin sulfate (Sm) 500, rifampicin (Rif) 50, neomycin sulfate (Nm) 200, gentamycin sulfate (Gm) 5 for E. coli and 50 for R. meliloti, kanamycin sulfate (Km) 20, tetracycline hydrochloride (Tc) 10, spectinomycin dihydrochloride (Sp) 100, trimethoprim (Tp) 25, chloramphenicol (Cm) 20, and novobiocin (Nov) 25.
Genetic Techniques. To map mucR, TnS-mob (19) insertions at various locations and orientations in the R. meliloti chromosome (strains Rm6680 through Rm6758 in Table 1) were transduced into Rm7010 (mucR12::TnS-233). The resultant strains were mated with Rm3357 in triparental matings using the helper plasmid pRK600. The numbers of Gmr Spr Novr colonies were counted, as were the Novr colonies, to enumerate the total number of potential recipients. To determine which megaplasmid contained the genes on pMuc, we transduced mucA201::TnS-233 into Rm5188 and Rm5209, which contain TnS-oriT (20) on pRmeSU47a and pRmeSU47b, respectively. We then mobilized the megaplasmid from each strain into the recA strain Rm6879, in triparental matings using pRK600 as a helper. Nmr Rifr Tpr colonies arising from transfer of the entire megaplasmid were counted, as were the numbers of Rif' Tpr colonies as an indication of the total potential recipients. Thirty Nmr Rif' Tpr colonies were then screened for Gmr Spr.
Cosmids were transferred conjugatively in triparental matings using the helper plasmid pRK600. Tn5 insertions into pMuc were obtained by mating the plasmid first into the TnScontaining E. coli strain MT614, then from this strain into E. coli strain C2110 and selecting for cotransfer of Tcr and Kmr. Insertions in the cloned DNA were recombined into the R. melioti genome by the procedure of Ruvkun et al. (14) , using the incompatible plasmid pPH1JI to obtain Tcs exconjugants (homogenotes tTo whom reprint requests should be addressed.
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Isolation and Analysis of Polysaccharide. Calcofluor staining of colonies and isolated polysaccharide was performed as described (1, 6) . Polysaccharide was produced by cultures growing in a salts/mannitol/glutamate medium, isolated from concentrated culture supernatant by gel filtration chromatography or dialysis, and analyzed by proton NMR spectroscopy as described (6) .
RESULTS
Isolation of mucR Mutant. On agar medium containing calcofluor, the wild-type R. meliloti strains Rm1021 and Rm5000 form fluorescent colonies which are surrounded by a fluorescent "halo" in the agar (1, 2, 5). exo mutants unable to produce succinoglycan form nonfluorescent colonies. In previous work (J.A.L. and G. C. Walker, unpublished), a transposon TnS insertion mutant of Rm5OOO was isolated that had a peculiar phenotype on agar medium containing calcofluor. This mutant, designated Rm7012, developed a nonfluorescent zone within the halo surrounding the colony after prolonged incubation and was consequently referred to as the "halQ-clearing mutant." Transduction of the drug resistance marker of TnS resulted in 100% cotransfer of the haloclearing phenotype, indicating that the mutation was caused by the TnS insertion. Rm7012 formed normal, nitrogen-fixing nodules on alfalfa.
Rm7012 grew somewhat more slowly than its parental strain in LB agar and LB broth, and became less fluorescent with time on LB agar plates containing calcofluor. In contrast to its behavior on LB agar, on YM agar Rm7012 formed colonies which were more mucoid than colonies formed by the parental strain. We refer to the mutant allele as mucR12.
Isolation of pMuc. We attempted to complement the haloclearing phenotype of Rm7012 by carrying out a conjugative mating with an R. meliloti cosmid clone bank and inspecting the transconjugants on LB agar with calcofluor. No complementing cosmids were found. However, a few colonies were extremely mucoid, though not brightly fluorescent. These colonies proved to contain identical cosmids that we designated pMuc. A Southern blot ofEcoRI, HindIII, and EcoRIHindIII digests of total Rm1021 DNA, probed with pMuc DNA, confimed that pMuc contained an unrearranged portion of the R. meliloti genome. Introduction of pMuc into Rm5OOO and RmlO21 resulted in a mucoid colony phenotype with calcofluor fluorescence less intense than the parental strains. The mucoidy of Rm500O(pMuc) or RmlO21(pMuc) was nevertheless not as extreme as that of Rm7012(pMuc).
Characterization of the Exopolysaccharide. The above results showed that the mucR mutation and pMuc had similar effects-an increase in mucoidy and a decrease in calcofluor fluorescence. This observation raised the possibility that a polysaccharide different from succinoglycan was being produced. Exopolysaccharide was isolated from culture supernatants of Rm5OOO, Rm7012, and Rm5OOO(pMuc), and aliquots were dropped onto LB agar plates containing calcofluor. Exopolysaccharide produced by Rm5OOO (shown before to be succinoglycan) formed a brightly fluorescent spot, whereas exopolysaccharides produced by Rm7012 and Rm5OOO(pMuc) formed dimly fluorescent spots that lacked the blue-green color characteristic of succinoglycan. Polysaccharides from Rm7012 and Rm5000(pMuc) were analyzed by proton NMR spectroscopy (see Fig. 1 for a similar spectrum). The two spectra were very similar to one another and had a pattern of peaks distinctly different from succinoglycan (6 We wished to determine in a mucR' strain without pMuc whether EPSb might somehow be expressed during nodulation and perform additional functions other than those also served by succinoglycan. To test this possibility, we isolated a mutant that lacked the capacity to produce EPSb but still produced succinoglycan. First we made random TnS insertions into pMuc and recombined the TnS-containing sequences into Rm7010(mucR12::TnS-233). About 5% of the homogenotes formed dry colonies on YM agar, and these were candidates for strains that produced neither succinoglycan nor EPSb. One of the homogenitized mutations, designated mucA20J::TnS, was transduced into RmlO21 (wild type). The resultant mutant was designated Rm7201. Essentially no exopolysaccharide (less than 0.02 mg/ml of culture supernatant) was produced by the mucR12 mucA201 double mutant, while Rm7201 formed calcofluor-fluorescent colonies and produced normal levels (2.1 mg/ml of culture supernatant) of a carbohydrate identified by proton NMR spectroscopy as succinoglycan (Table 2) . Thus, the mucA201 mutation eliminated EPSb production but did not affect succinoglycan production. While the double mutant formed non-nitrogenfixing nodules as expected, Rm7201 formed normal nitrogenfixing nodules on alfalfa (Table 2 ). These results indicated that EPSb performs no essential nodulation function in a strain capable of producing normal succinoglycan.
Genetic Mapping. Eckhardt gels, probed with TnS DNA, indicated that mucR was on the R. meliloti chromosome, not the megaplasmids. Further mapping was achieved by measuring the frequencies of conjugative transfer of mucR12:: TnS-233, originating from TnS-mob (19) insertions at various locations and orientations in the chromosome (see Materials and Methods and Table 1 ). The insertion numbers and respective frequencies (Gmr Spr transconjugants per recipient) were as follows: 615, 5.1 x 10-5; 611, 4.2 x 10-6; 602, 2.2 x 10-7; 614, <10-8; and 612, <10-8. Insertion number 615 is linked to pyr49 and is inserted in a counterclockwise orientation. Since the frequency of transfer originating from this insertion was by far the highest, mucR is slightly counterclockwise from pyr49 on the R. meliloti map (13, 22) .
Results from Eckhardt gels indicated that the genes on pMuc mapped to one of the two R. meliloti megaplasmids (8) . To determine which megaplasmid contained these genes, we mobilized each megaplasmid from a strain containing mucA100::Tn5-233 into a recA recipient (see Materials and Methods). In each case the megaplasmid was transferred at a frequency of 1.6 x 10-5 per recipient. All of the transconjugants tested from the transfer of pRmeSU47b received the Gmr and Spr of mucAJOO::TnS-233, while none from the transfer of pRmeSU47a did. We were not able to detect linkage of homogenotes of TnS insertions in pMuc to exoA or exoB by transduction with 4M12.
Structure of EPSb. The primary structure of EPSb [obtained from culture supernatants of the exoA (pMuc) strain] was determined by using one-and two-dimensional 500-MHz proton NMR spectroscopy, monosaccharide analysis by GC-MS of per-O-trimethylsilylated methyl glucosides after methanolysis, and GC-MS analysis of partially methylated alditol acetates derived from hydrolysis of permethylated polysaccharide samples. Complete details of this characterization will be published elsewhere (S.B.L., H.Z., C.C.L., J. A.L., and S. Hakomori, unpublished results).
In brief: Methanolysis using 1 M HCl in anhydrous methanol yielded nearly equal amounts of glucose as its methyl glycosides and 4,6-0-(1-carboxyethylidene)galactose as its methyl ester methyl glycosides. The latter were identified by their electron and chemical ionization mass spectra, compared with published data (23) . Small amounts of free galactose methyl glycosides were also produced. After depyruvylation by dilute acid treatment, methanolysis yielded approximately equal amounts of glucose and galactose methyl glycosides.
In proton NMR after dilute acid depyruvylation, only two types of spin systems were detected, in equal proportions. Analysis of coupling patterns showed these to be from a-galactopyranosyl and f3-glucopyranosyl ring systems. Unfortunately, chemical shift degeneracies precluded unambiguous determination of glycosyl linkage sites by using nuclear Overhauser enhancement experiments.
A sample of native EPSb was permethylated, hydrolyzed, reduced, and acetylated. In the resulting mixture of partially methylated alditol acetates were detected 1,3,5-tri-O-acetyl-2,4,6-tri-0-methylglucitol (indicating the linkage --3Glc) and 1,3,4,5,6-penta-0-acetyl-2-mono-0-methylgalactitol. Since the 4 and 6 hydroxyls of galactose were occupied by the pyruvate ketal group, detection of the latter derivative implies the linkage --3Gal. A small amount of 1,3,5-tri-O-acetyl-2,4,6-tri-0-methylgalactitol was also detected, again indicating a --3Gal linkage.
These data, taken together, suggest the repeating core structure for EPSb to be (Gala1-+3Glc,81-->3) 4 6 C H3C COOH
The site of attachment of the acetate group has not yet been determined.
DISCUSSION
We have discovered that derivatives of R. meliloti SU47 that contain a transposon insertion mutation in mucR or extra copies of the genes on the recombinant plasmid pMuc produce a novel exopolysaccharide that we have designated EPSb. The structure of EPSb is different from that of succinoglycan, and to our knowledge it is different from that of any known rhizobial polysaccharide. While succinoglycan and EPSb both contain glucose, galactose, pyruvate, and acetate, they differ greatly in subunit length, component ratios, linkage patterns, and presence of succinate. The synthesis of the two polysaccharides is also distinct genetically, since of all the exo genes tested, only exoB and exoC were required for EPSb synthesis. exoB and exoC are multifunctional in other ways as well; mutants in exoB have abnormal lipopolysaccharide, and mutants in exoC lack cyclic (1-2)-(3-D-glucan and have abnormal lipopolysaccharide (6) . Despite the differences between succinoglycan EPSb, the latter was able to replace the former in nodule invasion on both Medicago sativa and Melilotus alba.
Because they are functionally interchangeable, succinoglycan and EPSb presumably promote nodule invasion by the same mechanism. Previous work (2) indicated that succinoglycan functions primarily in the penetration of the infection thread into the interior of the nodule. It also appears to stimulate (but is not essential for) root hair curling and infection thread initiation. We speculated (2) that succino-glycan (and now EPSb) might function by several possible mechanisms. Root hair curling and infection thread initiation might depend on specific recognition of the polysaccharides by root hairs. Alternatively, the polysaccharides might stimulate these events by activating enzymes that degrade plant cell wall components or by delivering them to the appropriate sites. The former mechanism would rely on specific structural features of the polysaccharides, while the latter might simply require negative charges sufficient to bind degradative enzymes. The polysaccharides might promote infection thread penetration by binding to a specific receptor site, thereby stimulating infection thread growth by inducing plant gene expression or by inducing biochemical events not involving new gene products. Another way that succinoglycan and EPSb might promote infection thread penetration is by providing some structural feature of the nodule invasion apparatus such as the infection thread matrix, without which thread penetration might not proceed. The polysaccharides might also act by preventing a plant response like that to a pathogen, perhaps by masking a site that would otherwise be perceived by the plant as belonging to a pathogen.
Our current information does not allow us to distinguish among the above possibilities. Both succinoglycan and EPSb have properties that would allow them to function in all of the possible mechanisms. Further comparisons of the two polysaccharides should be useful in determining the mechanism of their action. For example, if the polysaccharides function by a mechanism requiring specific binding or recognition, then a comparison of the three-dimensional structures of the two polysaccharides might reveal similarities. Their ability to be produced in low molecular weight, oligosaccharide forms might also be significant (see below).
One possible interpretation of the nodule invasion defect of the exoH mutants was that a succinyl substituent is recognized by the plant (2). Because normal EPSb has no succinate, this possibility now seems unlikely, unless EPSb binds to a different receptor. Instead, a secondary effect of the succinyl substituent on some three-dimensional structural feature of succinoglycan might be important. The succinate might also be required for the production (by secretion or degradation from high molecular weight succinoglycan) of the low molecular weight oligosaccharide form that the bacteria are known to produce (6, 7) . exoH mutants lack this low molecular weight form (6) . Specific binding to a receptor might occur only with oligosaccharide forms of succinoglycan or EPSb. We have detected EPSb only in a high molecular weight form, but an oligosaccharide form might be produced under symbiotic conditions or through degradation by the plant.
Since a mutation (mucA201: :Tn5) blocking EPSb synthesis but not succinoglycan synthesis had no effect on nodule invasion, we concluded that the only essential functions performed by EPSb were those also supported by succinoglycan. The existence of a silent pathway for the synthesis of a second polysaccharide that functionally mimics the first is somewhat puzzling. It could provide a backup system, but such a system does not seem to be easily implemented. After inoculation with the exo mutants, we have never detected nodules containing mutants with suppressors of the nodule invasion defect.
We found two separate loci that were important in the regulation of EPSb synthesis. Genes contained on the recombinant plasmid, pMuc, exerted a positive effect and mapped to the megaplasmid pRmeSU47b. On the other hand, mucR had a negative effect and was directly counterclockwise from pyr49 on the chromosome. A gene or genes contained on pMuc could have a positive regulatory function, encode a step in the EPSb biosynthetic pathway that is normally limiting, or both. The absence of any detectable EPSb in culture supernatants of the wild-type strains or the exoA, -D, -F, or -H mutants indicated that these genes are ineffective when present in single copies in the R. meliloti genome.
The normal function of the mucR gene appears to result in both the repression of EPSb synthesis and the stimulation of succinoglycan synthesis. This is evident from our observation that Rm7012(mucR12: :TnS) not only secreted EPSb but also failed to secrete any detectable succinoglycan. A priori, this dual effect could involve direct inverse regulation of both pathways or direct regulation of only one pathway indirectly influencing the availability of biosynthetic precursors for the other pathway. However, if a depletion of precursors due to succinoglycan synthesis were sufficient to prevent EPSb synthesis, then exoA and exoF mutants would secrete EPSb. Since this did not occur, we conclude that the negative regulation of EPSb synthesis by mucR is direct. Similarly, the fact that the mucR mucA double mutant secreted neither polysaccharide, while the mucA single mutant secreted succinoglycan, provides evidence that the positive effect of mucR on succinoglycan synthesis is direct. The mechanism by which mucR could function as both a repressor and an activator remains to be determined.
